We employed small-angle neutron scattering to demonstrate that the magnetic skyrmion lattice can be realized in bulk chiral magnets as a thermodynamically stable state at temperatures much lower than the ordering temperature of the material. This is in the regime where temperature fluctuations become completely irrelevant to the formation of the topologically non-trivial magnetic texture. In this attempt we focused on the model helimagnet MnSi, in which the skyrmion lattice was previously well characterized and shown to exist only in a very narrow phase pocket close to the Curie temperature of 29.5 K. We revealed that large uniaxial distortions caused by the crystal-lattice strain in MnSi result in stabilization of the skyrmion lattice in magnetic fields applied perpendicular to the uniaxial strain at temperatures as low as 5 K. To study the bulk chiral magnet subjected to a large uniaxial stress, we have utilized µm-sized single-crystalline inclusions of MnSi naturally found inside single crystals of the nonmagnetic material Mn11Si19. The reciprocal-space imaging allowed us to unambiguously identify the stabilization of the skyrmion state over the competing conical spin spiral.
Early experimental observations of the skyrmion lattice-a topologically protected spin texturedemonstrated its very limited stability due to a fragile balance of the relevant magnetic interactions in a real material. First found in a bulk sample of the chiral helimagnet MnSi, the skyrmion-lattice (SkL) phase was shown to exist in a narrow region of the temperaturemagnetic-field phase diagram: approximately 2 K wide (much smaller than the Curie temperature T C = 29.5 K) in temperature and within the range of 0.1 T in applied field [1] . Later discoveries of the bulk SkL in other compounds with the chiral space group P 2 1 3 [1] [2] [3] [4] [5] [6] [7] [8] or P 4 1 32 [9] supported the same characteristic-the skyrmions existed only in a small phase pocket close to T C .
Interestingly, the first real-space observation of the skyrmion texture on thin plates of Fe 0.5 Co 0.5 Si revealed significantly extended stability of the SkL phase [10] . The observations were supported by simulations that assumed the 2D character of the system-the approximation relevant when the sample thickness is smaller than the skyrmion size. Butenko et al. [11] theoretically considered the influence of uniaxial magnetic anisotropy on the stability of the SkL in cubic noncentrosymmetric ferromagnets. It was shown, that the induced anisotropy, if strong enough, reduces the energy of the SkL over the competing conical state in finite magnetic fields [11] . The same theoretical approach was applied to interpret the results of magnetic measurements performed on thin epitaxial films of MnSi [12] [13] [14] , where some indication of * These authors contributed equally. an extended skyrmion stability was noticed. In another study [15] , thin films of the B20-type compound FeGe, grown on Si(111) substrates, demonstrated a pronounced topological Hall effect at low temperatures far below the SkL phase of the bulk FeGe. Such a magnetotransport phenomenon is expected in the presence of a topologically non-trivial spin structure and may indicate skyrmions with enhanced stability. However, no skyrmion phase was found in FeGe/MgO films [16] .
Despite a number of reports that the SkL phase possesses extended stability in thin epitaxial films of chiral magnets, only little microscopic evidence was presented up to date [17] . The discussion of the skyrmion stability in relation to thin films is complicated for the following reasons. On the one hand, all the thin films studied so far have significant strain caused by the lattice mismatch between the substrate and the film [12, 18, 19] . On the other hand, the typical thickness of the films is of the order of the helical modulation length, therefore the contribution from surface effects might be significant. Moreover, both strain and the surface contributions vary with the film thickness, which makes it difficult to disentangle the influence of these mechanisms. Results of Ref. [20] obtained on a free-standing thin plate of FeGe pointed to the importance of the surface, as the SkL phase extended to lower temperatures upon decreasing the sample thickness. The surface-induced formation of skyrmions was also identified via a mechanism of chiral surface twist [21] . Whilst microfabricated strain-free thin plates of skyrmion-hosting materials can be used to study surface-related phenomena, bulk strained crystals must be employed to elucidate the influence of the distortion.
There has been recent progress in understanding the 
[001] consequences of strain in bulk B20 crystals [22] [23] [24] . Comprehensive small-angle neutron scattering (SANS) measurements [22] of MnSi under the applied uniaxial pressure showed the twofold enhancement (reduction) of the skyrmion stability when the field was applied perpendicular (parallel) to the strain direction. Microwave absorption and resonant x-ray experiments on the insulating chiral magnet Cu 2 OSeO 3 subjected to a tensile strain also showed the same trend [25, 26] .
Nevertheless, it remained unclear if the skyrmions can be stabilized in chiral magnets in the whole temperature range below T C . The uniaxial distortions caused by the controlled hydrostatic pressure or tensile strain are an order of magnitude smaller than the characteristic strains in epitaxial thin films [12, 22, 25] . That also complicates the identification, which mechanism (surface or strain) plays the leading role in potential enhancement of the skyrmion stability in thin films.
In the present paper we report the results of studying the model chiral helimagnet, MnSi, which is chemically strained to the values typically found in the thin films while kept in the bulk form. Using SANS we were able to unambiguously interpret all the magnetic phases (helical, conical, SkL, field-polarized) for different orientation of the applied field (H ⊥ σ and H σ) and span the whole T -H parameter space to construct the full phase diagram. The reciprocal-space imaging allowed us to identify the SkL explicitly and investigate its temperature stability under high uniaxial distortions excluding the surface-induced phenomena.
The desired physical conditions naturally occur in the nonmagnetic compounds known as higher manganese silicides (HMS) with the general formula MnSi γ (γ = 1.731-1.750) [27] [28] [29] . The HMS share the Nowotny chimney ladder crystal structure with the elongated tetragonal caxis [30] [31] [32] . It is well known that the process of growing bulk single crystals of HMS is inevitably accompanied by the formation of MnSi precipitates in the shape of lamellae that are oriented perpendicular to the [001] crystallographic direction of the HMS matrix [33] [34] [35] . Figure 1 (a) shows the (010) cross-section of an oriented Mn 11 Si 19 single crystal used in the present study. The contrast obtained by polarized-light microscopy in Fig. 1(a) confirms the presence of MnSi precipitates embedded in the Mn 11 Si 19 matrix. They are subject to conditions summarized in the Supplemental Material [36]: MnSi in the form of single-crystal lamellae has a mean thickness l z ≈ 1 µm, which is much larger than the spinspiral period of ∼ 180Å [1] , and the lateral dimensions l x , l y l z , where l z , l x , and l y are defined by [001], [100], and [010] directions of the matrix, respectively. The MnSi lamellae are separated by a mean distance L z ≈ 40 µm. At the interface of each lamella, the lattice mismatch between MnSi and Mn 11 Si 19 produces the tensile stress. Due to the finite Poisson's ratio, in addition to the tensile strain along the interface, it causes a transverse compressive strain of ∼ 1-3% in the direction perpendicular to the single-crystalline MnSi lamella, as found in previous transmission electron microscopy studies [34] . We note that the actual strain in our sample may differ from the values reported in [34] (because of slightly different synthesis procedure). Because the matrix is not magnetic, the magnetization M (T ) measured with the commercial SQUID-VSM [ Fig. 1(b) ] reveals the magnetic ordering temperature T C = 41 K of the strained MnSi. This is ∼ 30% higher than in MnSi without strain [36] . A clear anisotropy of the strained lamellae is indicated by M vs H measurements presented in Fig. 1(c) , where a clear metamagnetic transition can be observed for one orientation of the field but not for the other. Hereafter, we use the crystallographic directions of the Mn 11 Si 19 (tetragonal) to denote the orientation of the applied magnetic field, i.e. H [001] σ or H [100] ⊥ σ. Figure 1(d) shows the magnetization and the derivative dM /dH data for T = 35 K and the field perpendicular to the strain, two transitions at ∼ 0.15 and 0.35 T are seen.
SANS measurements were carried out at the instrument SANS-1 (FRM-II, Garching) [37] . We used a large (∼ 3 g) single crystal of Mn 11 Si 19 grown as reported elsewhere, which contains in total ∼ 0.1 g of the strained MnSi lamellae. To explore the stability of the SkL phase, we conducted the SANS experiment in three different configurations: (i) H [100] with the incident neutrons n 0 H that brings the (0KL) plane of the matrix in the detector plane, (ii) H [100] ⊥ n 0 (the (HK0) plane), and (iii) H [001] ⊥ n 0 . This allowed us to perform the full reciprocal-space imaging of the long-periodic mag- netic texture of the strained MnSi and observe the characteristic redistribution of the scattering intensity in different reciprocal-space planes. The results of our SANS measurements in the setups (i) and (ii) for T = 35 and 9 K are selectively shown in Fig. 2 . In all the measurements, the sample was zero-field cooled to a fixed temperature, afterwards the magnetic field was applied and increased stepwise. remains in the plane ⊥ H. The SkL disappears later in the vicinity of H = H c1 (b), fully transforming to a conical phase oriented along the field. The transition into the field-polarized (FP) state is identified by the vanishing intensity at any finite Q. On the contrary, the measurements in the setup (iii), which is for H σ, result in trivial observations of the helical-conical and conical-FP transitions [36] . The qualitative analysis of the SANS intensities measured in different configurations and shown in Fig. 2 suggests that a finite fraction of the conical phase coexists simultaneously with the SkL. Moreover, the relative contribution of the conical phase might shift with temperature. This possibly originates from a certain distribution of the internal magnetic field in the sample, as was studied in [38] , or/and inherently varying magnitude of the uniaxial strain along the lateral dimension of the lamellae. However, the quantitative description of the possibly varying SkL/conical phase separation remains out of the scope of the present paper. As seen in Fig. 2 , the Bragg peaks of the SkL do not form a regular hexagon. The emerging distortion of the observed SkL is analysed in Fig. 3. Figure 3(a) shows the SANS pattern of the SkL at T = 5 K and µ 0 H = 0.45 T. The SkL is elongated along the (00L) direction in the reciprocal space. This corresponds to a compression of the SkL in real space, in accordance with the direction of the compressive strain. To quantify the distortion we plotted the intensity as a function of the azimuthal angle φ [ Fig. 3(b) ] and fitted the intensity profile with a combination of six Gaussian functions. In contrast to 60 • -spaced reflections expected for a regular SkL in the chiral magnets free of strain, there exists an azimuthal tilt of ∼ ±4 • at φ = 90 • ∓ 60 • and φ = 180 • ∓ 60 • . The distortion can also be resolved in the radial cuts I = I(Q) taken at different φ, as drawn in the Fig. 3(c) . We quantify the distortion d as d(%) = 100% · ∆φ /60 • , where ∆φ is the average tilt of the Bragg peaks toward the Q (001) line. The resulting values are shown in Fig. 3(d) as a function of the field at T = 5, 15, 25, and 35 K. As follows from the analysis, the SkL distortion tends to decrease in the increasing field from ∼ 8% to 6% at 35 and 25 K, and from ∼ 10% to 4% at lower temperature of 15 and 5 K. It is worth to mention that similar distortions of the SkL were recently observed in strained thin plates of FeGe [39] and Cu 2 OSeO 3 [26] .
The full T -H phase diagram of the chemically strained MnSi in the field applied perpendicular to the compressive strain is presented in Fig. 4 . As was discussed above, combining the SANS data collected in the setups (i) and (ii), one can identify three typical critical fields H c1 (a), H c1 (b), and H c2 that correspond to the transition from the mono-domain helical state with k s (001) to the SkL, from the SkL to the conical state with k s (100), and to the FP state, respectively. In order to map out the phase diagram, we performed fine field scans at many temperatures and followed the same analysis as presented in To conclude, we have demonstrated that the SkL state can be stabilized in chiral magnets down to the lowest temperature and therefore span the entire T -region below the ordering temperature if sufficient strain is applied. Because in the present study the strain has a chemical origin and is not continuously controlled, the strain threshold at which the thermal fluctuations in MnSi become completely irrelevant to the SkL formation cannot be precisely determined. Seemingly, the strain in MnSi inclusions in Mn 11 Si 19 is significantly larger than that in recent uniaxial-pressure/tension experiments (bulk [22] [23] [24] [25] and thin plates [26, 39] ). As follows from our study, the larger strain leads to a significantly enhanced temperature stability of the SkL phase when the magnetic field is applied perpendicular to strain, whereas it gets fully suppressed for the field along the strain. Supposedly, similar magnitudes of the strain are found in thin films [12, 18, 19] . This might explain the low-temperature anomalies in magnetic [13] and magneto-transport measurements [15, 40] . Two physically distinct scenarios have previously been discussed regarding the relation between the strain-induced distortions of the crystal lat-tice and the change in the energy landscape of magnetic interactions. First is the induced uniaxial single-ion anisotropy [11] [12] [13] [14] 26] and the second is the anisotropy of the Dzyaloshinskii-Moriya interaction (DMI) [25, 39] . It is important to note, that the single-ion anisotropy should cause a pronounced difference between the critical fields H c2 and H ⊥ c2 for the field applied parallel and perpendicular to the anisotropy axis [12] . We obtained essentially no difference in H c2 after correcting the data for the demagnetization factor [36] . The observed distortions of the SkL further support the scenario of the anisotropic DMI in accordance with [39] . The model relation between the anisotropic DMI and the skyrmion stability should be addressed in future theoretical and experimental research.
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